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Nomenclature Page 

 

bimaleate – salt of maleic acid С2H2(COOН)2 

Ni – nickel  

Co – cobalt  

Zn – zinc  

ferrocene – Fe(C5H5)2 

acetonitrile – CH3CN 

DPA – diphenylanthracene 

CVD – chemical vapor deposition 

CNx – nitrogen-doped carbon  

CNT – carbon nanotube 

MWNT – multiwall carbon nanotube 

SEM – scanning electron microscopy  

TEM – transmission electron microscopy  

XRD – X-ray diffraction  

fcc – face-centered cubic 

XPS – X-ray photoelectron spectroscopy 

XAS – X-ray absorption spectroscopy 

XES – X-ray emission spectroscopy 

FT – Fourier Transform 

HF – Hartree-Fock 

FE – field emission 
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Summary Page 
The aim of the project was a study of effect of nitrogen doping on the electronic and electrochemical 

properties of CNT. During the project realization we modified CVD set-up for precise control of 

temperature and gas flows, elaborated a system for injection of liquid mixtures into reactor volume. The 

methods for synthesis of powders of random CNx nanotubes and films of aligned CNx nanotubes have 

been developed. Acetonitrile contained carbon and nitrogen atoms in a 2:1 ratio was chosen as a 

source for CNx nanotubes formation. Bimaleates of Ni, Co, Fe, Zn and their mutual solid solutions 

were first time used as a source of catalytic particles for growth of CNT in CVD processes. 

Thermolysis of a solid solution of bimaleates was revealed using XRD data analysis to result in 

nanoparticles being a solid solution of the metals used. The structure of samples produced over 

NixCo1-x, NixFe1-x, and NixZn1-x catalysts was examined by means of SEM, TEM, and XRD 

techniques and effect of catalyst on the yield and morphology of CNx nanotubes was 

demonstrated.  

The nitrogen content in the samples was estimated from the ratio of the areas of XPS N1s- and 

C1s-core levels with taking into account the photoionization cross-sections. The highest 

concentration of nitrogen in CNT (2.7 at.%) was achieved when catalyst had a Ni0.8Zn0.2 

composition. The XPS N1s-core level of the samples contained CNx nanotubes was found to 

have two peaks, which by results of ab initio HF calculations on the fragments of nitrogen-doped 

graphite and carbon nanotubes were attributed to the electronic state of three-coordinated and 

two-coordinated (pyridinic) nitrogen atoms. Relative contribution of these kinds of nitrogen was 

detected to depend on the catalyst content. The equal ratio of metals in the catalytic particles 

causes largest concentration of pyridinic nitrogen in the tube walls.  

The films of aligned MWNT have been grown on silicon supports using o-xylene, acetonitrile, 

fullerene C60, petroleum, and DPA as a carbon source and ferrocene as a catalyst source. The 

samples produced were examined by means of SEM and carbon precursor dependence on the 

length and diameter of grown CNT was detected. To evaluate texture parameters of the aligned 

MWNT film we developed an approach based on quantum-chemical modeling of the angle-

resolved X-ray spectroscopy data. It was found that use of petroleum and acetonitrile yields the 

materials characterized by close width of graphitic layers disordering constituting about 50°. FT 

analysis of films determined the angular distribution of CNTs is equal to 51°, 52°, and 62° when 

the film was produced from acetonitrile, petroleum, and o-xylene respectively. These values are 

close to those derived from XAS experiment that suggests cylindrical arrangement of MWNT. 

Electronic structure of CNx nanotubes has been examined by XES and XAS methods. Variation 

in the spectra was correlated with kind of nitrogen atoms incorporated into tube walls. 
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The FE from CNx nanotube samples obtained by acetonitrile decomposition over NixCo1-x and 

NixFe1-x catalysts was examined. The threshold voltage of emission current was found to 

decrease with increase of nitrogen concentration in CNx nanotubes. Theoretical calculation of 

current-voltage dependences on the applied voltage for carbon (6,6) tube and those doped with 

three-coordinated and pyridinic nitrogen revealed improving of the characteristics with 

incorporation of three-coordinated nitrogen into tube wall. Significant lowering of the electron 

emission threshold with nitrogen doping of CNT was detected from the comparison of the 

current-voltage dependences for the aligned MWNT produced from pure carbon sources and 

from acetonitrile. 

The fabrication technology of working electrode from CNx nanotubes and electrochemical cell 

for lithium intercalation has been developed. The measurements on the samples showed good 

cycle stability of charge/discharge curves. Increase of nitrogen incorporation in CNT was found 

to result in enhancement of specific capacity of CNx-based electrode that however remained 

almost unchanged after the nitrogen content reached ~1.2% or more. 
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Introduction 

Chemical doping of CNT is an attractive proposition for a wide range of potential application 

[1]. From theoretical point of view, substitution of carbon atoms composing the CNT graphitic 

shell for nitrogen atoms causes localization of electronic states in the conductance band and as a 

result developing of new electronic, mechanic, and chemical properties of the object relative to 

the initial one [2]. Nitrogen atoms can be incorporated into CNT walls by two means: (1) direct 

substitution of graphitic-like carbon atoms, (2) replacement of carbon atoms located at the 

vacancy edges. Former kind of nitrogen substitute is a three-fold coordinated atom, while the 

letter one is a two-fold coordinated atom (pyridinic nitrogen). Ab initio calculation on the band 

electronic structure of nitrogen doped CNT had shown the three-coordinated nitrogen is a π-

electron donor, the pyridinic nitrogen exhibits an acceptor character [3].  

High aspect ratio, mechanical strength and chemical stability of CNTs make them a good 

candidate for electron field emitters. Multiwall CNx nanotubes emit electrons at the voltages of 

~1.0-1.5 V/µm and the density of the electron current is about 2 times higher than the values 

detected for pure carbon MWNT [4]. High specific surface, electrical conductivity and hollow 

center of CNTs promise their application for ion storage [5]. At present effects of CNT 

modification on their capacity and cyclicity in the lithium intercalation/deintercalation processes 

are intensively investigated [6]. Specific lithium capacity in nitrogen-containing carbon 

nanotubes and nanofibers was found to be 480 mA h/g that is considerably larger than the value 

characteristic of commercial carbon materials utilized in lithium batteries (330 mA h/g) [7]. 

It is clear that different applications of CNT require different doping regimes. The most routing 

method for CNx nanotubes synthesis is a chemical vapor deposition (CVD) of carbon- and 

nitrogen-containing compounds. This method allows widely varying synthetic parameters thus 

affecting on CNT structure and producing a large quantity of material. The catalysts for CNx 

nanotubes growth are nanoparticles of the transition metals, such as Ni, Co, and Fe, formed in 

the result of organometallic compounds thermolysis [8-10] or film-like [11] and powder-like 

[12] metallic coatings. Nitrogen concentration in CNx nanotubes synthesized by CVD method 

can reach to ~15%. 

The goal of the present work is a systematic study of how the nitrogen doping affects on the 

structure of CNTs and their field electron emission and electrochemical properties. For grows of 

CNx nanotubes we suggest use of catalytic nanoparticles being a solid solution of the transition 

metals that can influence on the total nitrogen content and the relative ratio of different kinds of 

nitrogen substitutes in CNT. To characterize the CNx nanotubes produced wide set of 

microscopic and spectroscopic methods is invoked. Experimental data on the electronic 

properties of CNx nanotubes are explained using quantum-chemical calculations on models. 
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Technical Description of Work Accomplished 

1. Synthetic details 

The scheme of experimental set-up for CVD synthesis of CNTs is shown in Fig. 1. The CVD 

reactor is a stainless tube of length 800 mm and diameter of 36 mm. Inside of the inner cavity a 

quartz tube of lesser diameter is placed. The set-up is supplied with a movable manipulator, gas-

flow system, and injector for inserting of liquid reaction mixture in synthesis zone directly. 

Before synthesis, the reactor chamber was pumped its central part was heated by the electrical 

oven up to the temperature of synthesis and than filled with argon at the atmospheric pressure.  

The random CNx nanotubes were synthesized over catalytic nanoparticles produced in the result 

of thermolysis of transition metals bimaleates or their mutual solid solutions. The powder of 

bimaleates was put into zone heating up to 850oC using a manipulator. Acetonitrile vapor was 

fed into the reactor 10 min after decomposition of bimaleate with formation of metal 

nanoparticles. The synthesis time was 1 hour. 

The aligned CNTs were synthesized from a mixture of ferrocene and carbon-containing 

compound. The silicon support of 10×10 mm2 in size was introduced into the synthesis zone by 

help of the manipulator. Solid carbon-containing compound (fullerene C60 and DPA) has been 

mixed with ferrocene in a ratio of 1:1 and the mixture was put in a ceramic boat, which was 

placed under the silicon support. In the case of liquid compound (acetonitrile, o-xylene) using, 

the ferrocene has been dissolved in carbon-containing substance in a ratio of 1:10 and the 

reaction mixture was entered into injector. The injector system has been so designed that a 

dispersive forcer was deposited in a zone with temperature about 300°C. Gauge pressure, 

 
 
Figure 1. Scheme of the CVD set-up for CNTs growth. 
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Figure 2. TEM image of material produced 

over Ni0.5Co0.5 catalyst. 

creating by the piston moving, the reaction mixture was derived to the forcer and dispersed into 

reactor volume. The temperature of aligned CNTs synthesis was 950°C. Due to high temperature 

inside the reactor, the inserting solution was vaporized and the saturated steam moved with the 

argon flow 150 cm3/min to the reaction zone. The injector system was tuned to inserting of 0.1 

cm3 of the pristine reaction mixture with a 5 minute period. The synthesis time was 1 hour. 

 

2. Structural characterization of random CNx nanotubes 

The structure of the samples produced was characterized by means of TEM using a JEOL-100C 

microscope and XRD with a DRON-SEIFERT-RM4 diffractometer.  

2.1. Ni/Co catalyst 

The particles of NixCo1-x (x=0, 1, 3, 5, 7) 

composition were used as a catalytic ones. 

TEM analysis of samples produced showed 

the content of the carbon nanotubes in the 

sample and their structure are substantially 

determined by the catalyst type. The material 

synthesized using Co bimaleate was the most 

contaminated by amorphous carbon particles. 

The maximum content of the nanotubes was 

observed in the sample obtained using Ni/Co 

1:1 catalyst (fig. 2). The diameter and the 

thickness of walls of CNTs produced over Co 

catalyst varied in the interval 30−40 nm and 

12−15 nm, correspondingly. For the CNTs obtained using Ni catalysts these respective diameter 

and thickness varied within 20−40 nm and 12−15 nm. The sample obtained using Ni/Co 1:1 

catalyst contained tubular structures of diameter 60−90 nm with the wall thickness 20−35 nm 

and thinner nanotubes 15−30 nm in diameter and 5−7 nm in the wall thickness.  

The XRD profiles of the samples obtained using NixCo1-x catalysts were found to be 

characterized by the same set of the reflections. The sharp peaks at the angles 2θ = 44.5o, 51o, 

77o, 92 o, and 98o correspond to the (111), (200), (220), (311) and (420) reflections of the face-

centered cubic lattice (fcc) of metal particles occurred in sample; intense peaks at 2θ = 26.3° 

correspond to reflection from the (002) graphite layers of CNTs. The refined values of the lattice 

parameter a for bimetallic catalysts is changed additively with the variation of the ratio of metals 

in according to Vegard’s rule. This fact points out to the formation of the solid solutions from the 

mixture of Ni and Co. The crystallinity of CNTs is mainly determined by composition and 
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Figure 3. TEM image of material produced over 

Ni0.5Fe0.5 catalyst. 

morphology of catalytic particles and in our synthetic conditions the Ni/Co 1:1 solid solution had 

more uniform catalytic activity.  

 

2.2. Ni/Fe catalyst 

For mixed catalysts preparation the 

bimaleates of Ni and Fe were taken in the 

proportions 3:7, 1:1, 7:3. TEM 

examination showed the material produced 

using Fe catalyst contains mainly CNTs 

and some portion of carbonized metal 

particles. Two types of CNTs were 

recognized in the sample: thick tubes with 

outer diameter ~ 60 nm and rather thin 

tubes having ~20-nm-diameter. Thick 

CNTs were characterized by bamboo-like 

structure with varied distance between 

compartments. Thin CNTs had more 

perfect arrangement of the layers with 

regularly distributed compartments. Use of Ni/Fe 1:1 catalyst produced coiled CNTs having the 

thin walls (~5−10 nm) and average outer diameter ~40−50 nm (fig. 3). Material synthesized 

using Ni/Fe 7:3 catalyst contained the smallest amount of contaminations, namely, amorphous 

carbon covering metal nanoparticles and short carbon filaments. The CNTs occurred in the 

sample had uniform structure: outer diameter ~45−50 nm, wall thickness ~ 15 nm, and straight 

inner channel. 

The XRD patterns of the samples produced using Ni/Fe 7:3 and Ni/Fe 1:1 catalysts were found 

to similar in appearance exhibiting the peaks corresponding to the fcc lattice of metal particles. 

Thermolysis of bimaleates of Ni and Fe taken with a 3:7 ratio was detected to result in formation 

of two phases of Ni/Fe solid solution. Atomic volumes of metals in the studied samples were 

estimated using position of the diffraction peaks. At low Fe concentration (up to ~60%) in the 

catalyst used the atomic volume parameter was found to change linearly with the variation of the 

ratio of metals in according to the Vegard’s rule. This fact points out to the formation of the solid 

solutions from the mixture of Ni and Fe. Two atomic volume values for the Ni/Fe 3:7 catalyst 

indicated the phases with Ni6Fe4 and Ni4Fe6 composition. In the case of Fe catalyst using, atomic 

value was deviated from the linear dependence due to considerable divergence between the 

Ni/Fe solid solution and Fe3C lattices. 
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Figure 4. TEM image of material produced 

over Ni0.7Zn0.3 catalyst. 

2.3.Ni/Zn catalyst 

The particles of NixZn1-x (x=0, 1, 3, 5, 7) 

composition were used as a catalytic ones. TEM 

pictures showed inserting of Zn into Ni catalyst 

strongly modifies the structure of MWNTs. The 

tubes are characterized by high concentration of 

defects, bamboo-like arrangement, and 

disrupted tube walls. Figure 4 exhibits the 

material produced using Ni/Zn 7:3 catalyst. One 

can see the sample contains bamboo-like 

MWNTs, tubular structures partially filled with 

metal, and fragments of carbon matrix with 

metallic inclusions. The MWNTs are characterized by ~150-250-nm-diameter, ~15-25-nm-thick 

of walls, and ~100-nm-distance between segments. The material, produced using Ni/Zn 3:7 

catalyst, contained a lot of non-reacted carbonized catalyst, big metallic particles (300 nm and 

larger), and small amount of very short (~500 nm) bent CNTs with diameter ~50 nm. The Zn 

catalyst produced no CNTs. The sample consisted of the fragments of carbon matrix being the 

result of bimaleate decomposition and a portion of amorphous carbon. 

The XRD patterns of the samples produced using catalysts with Ni/Zn ratio of 7:3 and 1:1 and 

contained CNTs exhibited the same set of reflections. Because parameters of the fcc lattice of Ni 

and Zn diverge considerably, inserting of Zn impurities markedly distorted the Ni lattice. 

Comparison of the XRD patterns measured for CNTs-contained samples with the reference data 

for bulk Ni and Zn indicated the absence of lines corresponding to metallic Zn of its solid 

solution with Ni that could be due to Zn evaporation at the temperature of CVD synthesis. Shift 

of the (002) reflection from the layers of MWNTs in the pattern of sample synthesized over 

Ni/Zn 1:1 catalyst indicated increase of interlayer distance in CNTs related to those 

characteristics of CNTs produced over Ni/Zn 7:3 and Ni catalysts. 

 

3. Structural characterization of aligned CNTs 

3.1. SEM characterization 

The structure of the samples produced was characterized by means of SEM using a JSM-T200 

microscope. Figure 5 compares diameters distribution of CNTs, counted from the magnified 

SEM pictures of the samples synthesized using different carbon sources. The most narrow and 

uniform distribution of CNTs in diameter (10−35 nm) was obtained when o-xylene used as a 

carbon source. Fullerene also produces rather thin tubes with average diameter of ~35 nm. The 
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CNx nanotubes grown from acetonitrile have the thickest average diameter of ~70 nm. Since the 

samples under consideration have been prepared at close synthetic parameters we concluded the 

carbon-containing compound has important effect on CNT diameter. 

The CNTs orientation distribution in the films was determined by using the FT method. A SEM 

image of CNT film cross section shows spatial arrangement of nanotubes in the form of 

brightness transitions cycling from light to dark and vice versa. Spatial frequencies in a SEM 

image are related to the orientation of CNTs, nanotubes themselves are shown in white on a 

black background. Thus, if CNTs are predominantly oriented in film in given direction, change 

in frequencies in that direction will be low and change in frequencies in the perpendicular 

direction will be high. For example, Figure 6 shows the SEM images of the cross-section of CNT 

film grown from acetonitrile; the squares show areas for which the FT analysis was made. FT 

analysis of the films produced found the angular distribution of CNTs in the films, produced 

from acetonitrile, petroleum, and o-xylene, are equal to 51°, 52°, and 62°, respectively. It was 

surprise that CNTs grown from acetonitrile and had the largest average tube diameter are 

characterized by better tube alignment in the film.  
 

3.2. Quantum-chemical modeling of angle-resolved X-ray spectroscopy data 

Another texture parameter of the aligned MWNTs is a packing of graphitic layers. To determine 

the angular deviation of graphitic layers of MWNTs from the tube axis we developed approach 

 
Figure 5. Diameter distribution of nanotubes in the samples synthesized using fullerene C60, 

DPA, o-xylene, and acetonitrile. 
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based on quantum-chemical modeling of the angle-resolved X-ray emission and X-ray 

absorption spectra measured for the aligned CNT films. Carbon K-edge XAS spectra of the 

aligned CNT film were measured using Berlin synchrotron radiation facility at the Russian-

German laboratory in BESSY-II. The vertical axis for sample rotation was parallel to the electric 

field vector. C Kα XES spectra of CNT films were recorded with a laboratory X-ray 

spectrometer using a crystal-analyzer of ammonium biphthalate (NH4AP). The spectra were 

taken with different incident angle (XAS method) and take-off (XES method) angles Θ . XAS 

spectroscopy gives information on partial density of electronic states above the Fermi level of 

substance; a complementary method probing the density of occupied states is XES spectroscopy. 

Difference in the polarization of π- and σ-electrons causes the radiation angular dependence of 

X-ray spectra of graphitic materials [13] and misalignment of layers influences on ratio of the 

related spectral peaks. The angle dependence of C Kα-spectrum was found to be suprisely slight; 

increase of the take-off angle from 15° to 90° decreases the π/σ intensity ratio by ~10% only. 

Variation of the incident angle from 10° to 90° changes the π*/σ* ratio of XAS spectra of the 

studied films by ~25%. Analysis of angle-dependent XAS data obtained for different films 

 
 

Figure 6. SEM image of CNx nanotube film produced from acetonitrile. The squares show 

areas for which the FT analysis was made. 
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Figure 7. Theoretical dependence of the π∗-maximum 

relative intensity on the width of tubes distribution in a film. 

Horizontal lines correspond to the experimental values 

derived from the angle-resolved XAS spectra of CNx 

nanotubes and CNTs produced from petroleum, fullerene C60, 

o-xylene. 

showed the spectra are different in 

the angular dependence and the 

smallest variations in spectral profile 

are observed for the o-xylene-grown 

film. The more uniform variation in 

π∗-resonance intensity with angle Θ  

was found for the CNT film 

produced from petroleum. 

To determine the average 

misordering of graphitic layers in the 

aligned CNT film the angular 

dependence of π∗-resonance derived 

from the XAS data was compared 

with the theoretical curves calculated 

for Gaussian distributions of CNTs 

in a film. The approach developed us 

for modeling of angular dependence 

of X-ray spectra assumes the CNT 

film consists of cylindrical tubes with close diameter and length. Based on the ab initio 

calculation of partial densities of π- and σ-states of CNT crystal and the formulas, which were 

expressed for angular dependence of π- and σ-components, we plotted the angular dependence of 

relative intensity of π∗-maximum obtained for different width of Gaussian function (fig. 7). 

Comparison between experimental and theoretical dependences indicated that CNT films 

produced from petroleum and acetonitrile are characterized by close width of graphitic layers 

disordering that constitutes about 50°. Use of o-xylene as a carbon source results in poorer 

alignment of graphitic layers in CNT film; the width of normal distribution of graphitic layers in 

the MWNT film is about 70°. 

Disordering of the graphitic layers determined from the XAS data could be considered as a sum 

of two values: (1) orientation distribution of CNTs in a film and (2) angular deviation of 

graphitic layers of MWNTs from the tube axis. The former values derived from SEM image of 

CNT films produced from petroleum and acetonitrile are close to those determined from angle-

resolved XAS data. Therefore, MWNT constituted these films have the cylindrical arrangement 

of shells. Misalignment of graphitic layers of MWNT grown from o-xylene with the tube axis is 

estimated to be 10°. 
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Figure 8. XPS N1s-core level of CNx nanotubes 

produced from acetonitrile and ferrocene. 

4. Electronic structure of CNx nanotubes 

4.1. Chemical state of nitrogen in CNx nanotubes 

The inserting of nitrogen in the graphite network results to the splitting of the N 1s line that is 

observed in the XPS spectra of CNx nanotubes [14, 15]. The interpretation of the splitting is 

ambiguous. For revealing the chemical state of nitrogen atoms incorporated into CNx nanotubes 

we used quantum-chemical modeling of XPS data. 

The synthesized samples were studied with an XPS spectrometer Quantum 2000 Scanning 

ESCA Microprobe. The concentration of nitrogen in the samples was estimated from the ratio of 

the areas of the N1s- and C1s-core levels with taking into account the photoionization cross-

sections. The dependence of nitrogen content on the catalyst composition is presented in Table 1. 

One can see the largest concentration of nitrogen incorporated into CNx nanotubes is achieved 

with adding of Zn or Fe to Ni catalytic particles. 

 

Table 1. Nitrogen concentration in the samples synthesized using different catalysts 

Catalyst 
composition 

Co Ni0.3Co0.7  Ni0.5Co0.5 Ni0.7Co0.3 Ni Ni0.5Zn0.5 Ni0.8Zn0.2 Ni0.8Fe0.2

Nitrogen 
content (%) 

0.70 0.50 1.20 0.60 1.20 1.7 2.7 2.2 

 

The general peculiarity of the N1s-

spectra of CNx nanotubes is the presence 

of two peaks A and B located at 399 and 

401.6 eV respectively (see for example, 

the spectrum of the aligned CNx 

nanotubes in fig. 8). The splitting of the 

N1s-line indicates that the nitrogen 

atoms are at least in two different 

chemical states in the synthesized 

samples. To interpret the experimental 

data we calculated fragments of 

nitrogen-doped graphite and CNTs. 

Geometry of fragments was relaxed in 

the HF self-consistent field using 3-21G 

basis set within the quantum chemical package Jaguar [16]. Since the used approach calculates 

ground state of a system, the calculated N1s level energy (E) was corrected to take into account 

the relaxation for the ionized state. The correction factor was determined from the correlation 
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Figure 9. Optimized geometry of fragments of nitrogen-doped CNT. Nitrogen atoms are 

indicated by dark circles, hydrogen atoms (white circles) saturate dangling bonds at the 

fragment boundaries. 

dependence between the experimental and theoretical values for ten nitrogen-containing 

molecules: N2, CH3CN, CH3NH2, CH3NO2, N(CH3)3, C5H5N, C4H5N, C6H5NH2, C6H5NO2, 

C6H5CN. The theoretical binding energies EBE were computed using the derived linear 

dependence EBE = 75.69+0.78271·E.  

Four fragments of graphite and three fragments of CNT were calculated. We considered 

graphitic models where the nitrogen atom substituting for central carbon atom and one, two, or 

three nitrogen atoms located at the edges of an atomic vacancy. For revealing effect of graphite 

sheet rolling into cylinder on the electronic state of emended nitrogen atoms we calculated 

nitrogen-doped CNT being closed in diameter and differed in the configuration (see fig. 9). Two 

bonds of carbon hexagons are oriented perpendicularly and along a tube axis in armchair (7,7) 

and zigzag (12,0) carbon tube respectively. The (10,4) carbon tube has chiral structure. Two 

different nitrogen impurities were introduced in a carbon tube: (1) three-coordinated atom and 

(2) three pyridinic atoms located at the edges of one-atomic vacancy. The boundary dangling 

bonds of graphitic and CNT fragments were saturated by hydrogen atoms. 

The values of N1s-levels energies obtained for the pyridinic and three-coordinated nitrogen 

incorporated into the CNT and graphite are listed in Table 2. The 1s-electron energies for the 

pyridinic nitrogen atoms have the similar values for all considered carbon structures, while those 

for the three-coordinated nitrogen atoms are strongly dependent of a tube arrangement. The 

obtained variation in the 1s-energies for the latter kind of nitrogen could be due to a difference in 

local distribution of density associated with the unpaired electron. The difference has been found 

to be caused by breaking of the left-right mirror symmetry in zigzag carbon nanotube with the 

nitrogen impurity inserting [17]. Comparison between XPS data and theoretical resuls showed 

the higher (B) and lower (A) binding energy peaks are connected with the three- and two-

coordinated (pyridinic) nitrogen atoms, respectively. The relative intensity of these components 
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was found to vary with change of a catalyst and large relative intensity of the peak A is achieved 

for the samples synthesized using Ni0.5Co0.5 and Ni0.5Fe0.5 catalysts. 

 

Table 2. Energy of N1s-level, calculated for pyridinic (Epyr) and three-coordinated (Eth) nitrogen 

incorporated into fragments of carbon tubes and graphite, and difference between these values 

(∆E) 

Fragment Epyr (eV) Eth (eV) ∆E (eV)

graphite 399.1 401.7 2.6 

(7,7) tube 399.2 401.9   2.7 

(12,0) tube 399.5 403.2 3.7 

(10,4) tube 398.9 403.3 4.4 

 

4.2. XES and XAS study of the electronic structure of CNx nanotubes 

XES СКα-spectra and XAS NK-edge spectra were measured for the samples synthesized over 

Ni, Co, Ni0.5Co0.5, and Ni0.7Co0.3 catalysts. X-ray emission arises as a result of electron 

transitions from occupied valence states to a previously created core hole. Owing to the dipole 

selection rules and localization of the core orbitals, XES measures a local partial density of 

occupied states, which are C2p-states in the case of a carbon compound. Comparison of the 

spectra showed they are similar in appearance exhibiting three main features, which relative 

intensity and energy position are akin to those in the CKα-spectra of graphite and arc-produced 

multiwall carbon nanotubes [18]. The main difference between the СКα-spectra is an intensity of 

high-energy maximum A corresponding to π-electrons, which is enhanced for the samples 

synthesized over Ni0.5Co0.5 and Ni0.7Co0.3 catalysts. Interestingly these samples involve larger 

portion of the pyridinic nitrogen, namely, 70% and 50% of the total nitrogen content 

respectively. However, the low amount of nitrogen atoms embedded into tube walls should have 

a negligible effect on the C2p-electrons distribution. 

The XAS NK-edge spectra of the samples exhibit two main resonances and located around 400.5 

and 406. 7 eV and corresponded to π∗- and σ∗-states respectively. The spectra of the samples 

produced over Ni and Co catalysts have the similar structure, characterized by reasonably narrow 

resonances. Since considered samples contain the largest portion of the three-coordinated 

nitrogen (70−75%), intensity of the low-energy resonance can be assigned to unoccupied π-

electrons of nitrogen, which are involved into π∗-system of graphitic network. The spectra near 

the NK-absorption edges for the samples synthesized over mixed Ni/Co catalysts exhibit 

broadening and splitting of this resonance that can be attributed to the 1s→π∗ transition within 
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Figure 10. Field emission I−V curves of CNx samples 

prepared using Ni, Co, Ni0.5Co0.5, and Ni0.7Co0.3 

catalysts. Macroscopic electric field was defined as a 

ratio of the applied voltage (V) to anode-to-cathode 

distance, emission current density (J) was calculated per 

a sample area. The arrows directed up/down correspond 

to increase/decrease of the applied voltage.  

the pyridinic nitrogen atom. The XAS spectra were shown to be in good agreement with the XPS 

data for these set of samples and the results of quantum-chemical calculations on the models of 

nitrogen-doped carbon tubes. 

 

5. Field electron emission properties of CNx nanotubes 

Field emission measurements were carried out in a vacuum chamber at ~5·10-4 Ра and room 

temperature. The powdered samples were pressed into a 1mm2-cavity of a nickel cathode; 

cathode-anode distance was ~500 µm. The current-voltage (I-V) characteristics were obtained by 

applying a dc voltage of up to 1500 V. A sawtooth voltage regulated the electric field with 

certain frequency of 0.025 Hz. The data recorded with increase and decrease of applied voltage 

showed a periodic signal which reproducibility is indicative of long-time stability of field 

emission characteristics of the samples. The I-V dependencies presented in the work were 

averaged over 40 scans. 

 

5.1. FE characteristics of random CNx nanotubes 

The I-V curves of field emission 

from the CNx samples synthesized 

using Ni, Co, Ni0.5Co0.5, and 

Ni0.7Co0.3 catalysts are compared in 

Fig. 10. The applied field is given as 

the macroscopic electric field 

defined by a ratio of the applied 

voltage to the interelectrode distance. 

The sample produced over Ni0.5Co0.5 

catalyst has the best field emission 

characteristics (lowest field threshold 

and highest current density). The 

samples are characterized by a 

distinction in current dependences 

measured with rising (the pointed up 

arrows) and falling (the pointed 

down arrows) voltage of the applied 

field. Hysteresis-like behavior of the 

I−V dependences is often observed 

for the carbon nanomaterials and attributed to the sorption/desorption processes [19].  
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Figure 11. FE I−V curves of the aligned CNTs 

prepared from different carbon-containing 

compounds. The arrows directed up/down 

correspond to increase/decrease of the applied 

voltage. 

5.2. FE characteristics of aligned MWNTs 

The I-V curves of field emission from 

the aligned MWNT samples synthesized 

using different carbon source are 

compared in Fig. 11. The samples 

produced from acetonitrile and DPA 

have correspondently the lowest (~0.7 

V/µm) and the highest (~2.2 V/µm) 

threshold field for electron emission. 

Furthermore, these samples are 

characterized by a distinction in current 

dependences measured with rising (the 

pointed up arrows) and falling (the 

pointed down arrows) voltage of the 

applied field. The large hysteresis of the 

I−V dependences of the samples produced from acetonitrile and DPA indicates enhanced 

sorption ability of CNTs due to large portion of various defects. Although CNx nanotubes 

synthesized from acetonitrile have the biggest average diameter among the CNTs studied they 

begin to emit electrons at the lowest value of the applied voltage. We attributed this result with 

incorporation of nitrogen into tube walls. The other samples exhibit clear CNT diameter 

dependence of FE characteristics. 

 

5.3 Calculation of quantum conductivity of nitrogen-doped CNTs  

Theoretical investigation of the influence of nitrogen incorporation in graphitic network on CNT 

conductivity was carried out for armchair (6,6) nanotubes. The considered structures are 

presented in Figure 12, left part. The tubes are closed by hemispherical caps with hexagons at 

tube tops and 18 hexagons in length. Nitrogen atoms substitute central carbon atoms. Structure II 

contains 6 three-coordinated nitrogen atoms, separated along tube and around tube 

circumference. The structure II contains 6 two-coordinated (pyridinic) nitrogen atoms located at 

the boundaries of single-atomic vacancies. Geometry of tubes was relaxed with the help of AM1 

semiempirical method [20] included into GAMESS package [21] to the gradient value of 10-3 

Bohr/A. 

CNT conductivity was calculated using transfer matrix approach described in details in [22]. 

The calculation of tunneling current was performed using the following expression: 
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Current matrix elements have no-vanishing contribution only when atoms i and j are the nearest 

neighbors. The simplified expression for current matrix elements has the form: 

αβαβ
ijijij SVJ

h

1
= , 

where αβ
ijS  are the overlap matrix elements, and ijRLij rVrVV ))()(( −=  is a single electron 

potential approximated by linear dependence according to [22]. For simplicity the value of 

overlapping integrals has been put equal to 1 for the nearest neighbors and equal to zero others. 

Current-voltage characteristics for the structures I−III (fig. 12, left part) calculated for positive 

values of the applied voltage are compared in Fig. 12, right part. Incorporation of two-

coordinated (pyridinic) nitrogen atoms into carbon (6,6) tube wall has a little effect on the 

current-voltage dependence. The three-coordinated nitrogen embedded into graphitic shell of the 

tube improves its characteristics, namely, increases tunneling current and lowers threshold 

voltage. Step-like current-voltage characteristics indicate that all considered structures behave 

themselves like quantum conductors. 
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Figure 12. Left - Carbon (6,6) tube closed with semispheres (structure I), carbon (6,6) tube 

incorporated 6 three-coordinated nitrogen atoms (structure II), carbon (6,6) tube with 6 two-

coordinated nitrogen atoms located at the boundary of atomic vacancies. Right - Tunneling 

current dependences on the applied voltage calculated for the structures I−III. 
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6. Lithium intercalation of CNx nanotubes 

The properties of electrodes depend not only on the substance used as well on the technology of 

working electrode fabrication. The developed technology involves the next steps:  

1) Powder, contained CNx nanotubes, (about 10 mg) was mixed with ethanol. To join the 

nanotubes in a robust skeleton structure keeping electric conductivity, the 60% water 

suspension of polyethylene tetra fluoride was used as a binder. All components were 

intimately mixed until production of homogeneous paste-like substance. 

2) The paste was deposited on a nickel mesh (3 cm2) and pressed. The area of coating 

substance is about 1 cm2. 

3) The electrode was dried at 150°C during 30 min to remove the residual ethanol and 

water. For current removal, thin stainless steel stripes were welded to the mesh.  

A three-electrode system was assembled in a dry box under argon atmosphere. Lithium sheets 

were used as reference and counter electrodes. A polymeric cloth was placed between working 

electrode and counter one. The electrochemical cell was made from Teflon. The electrolytic 

solution was made of 1 M LiClO4 dissolved in propylene carbonate and 1,2-dimethoxyethane 

taken in volume ratio (1:1). The chosen electrolyte is an analog to those used in the modern 

accumulators. The cell was charged and discharged using galvanostatic mode at 1 mA·g-1 current 

between 0 and 3 V. The process was conducted as long as the potential has been sharply 

changed. Figure 13 demonstrates charge and discharge curves (six cycles) obtained for the CNx 

nanotubes grown using Ni/Co 1:1 catalyst. 

Figure 13. Charge (left side) and discharge (right side) curves of Li intercalation of CNx 

nanotubes produced over Ni/Co 1:1 catalyst. 
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Figure 14. Dependence of lithium ion capacity 

on nitrogen content in CNx nanotubes. 

Dependence of lithium ion capacity of the 

samples produced on the nitrogen content in 

CNx nanotubes is shown in Fig. 14. Increase 

of nitrogen doping results in growth of 

specific capacity of the samples contained 

CNx nanotubes. The capacity of samples 

remains almost unchanged with rising 

nitrogen content higher of ~1.2%. The sample 

prepared over Ni0.5Co0.5 and Ni catalysts 

showed the maximal capacity of 110-

125mAh/g. 

 

Results and Conclusions 

The substitution of nitrogen atoms for carbon in graphite layers of CNT results in the change of 

the electronic structure of the nanotubes and thus in their physical properties. Nitrogen can be 

incorporated into CNT walls in two different forms: three-coordinated atoms and pyridinic-like 

ones. XPS study on the samples contained nitrogen-doped CNTs revealed that ratio of these 

forms can be controlled with a change of a catalyst. In this connection it was interesting to 

examine bimetallic catalysts because mixing of different metals in a single particle can 

significantly influence on the kinetics of CNT growth and therefore on the content and type of 

the incorporated nitrogen. For preparing of the bimetallic particles with controlled composition 

we suggested to use the solid solutions of bimaleates of the transition metals. The bimaleates are 

decomposed at 450oC with formation of 5-nm metallic nanoparticles embedded into organic 

polymer, which could prevent agglomeration of the individual nanoparticles. The set of NixCo1-x, 

NixFe1-x, and NixZn1-x particles was probed as catalysts for CNTs growth. Acetonitrile contained 

ca. 34 wt.% nitrogen was chosen as a source of carbon and nitrogen for CNx nanotube formation.  

TEM analysis on the samples synthesized using a CVD method showed strong effect of catalyst 

composition on the yield and morphology of CNTs. The most perspective catalyst providing the 

largest yield of MWNTs with cylindrical arrangement of shells was found to have the Ni0.5Co0.5 

or Ni0.5Fe0.5 composition. Nitrogen content in CNx nanotubes was estimated from XPS data. The 

equal ratio of metals in the bimetallic particles was found to provide larger contribution of 

pyridinic nitrogen in CNx nanotubes relative to three-coordinated nitrogen. The greatest 

proportion of pyridinic nitrogen (~70%) was found in nanotubes synthesized using Ni0.5Co0.5 

catalyst. Probably, this catalyst composition provides high rate of nanotube growth producing 

large number of vacancies in the tube walls with nitrogen atoms on the edges. Imperfection in 
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graphitic network was found from the CKα-spectra to cause enhancement of density of total and 

C2p-state in the valence band of CNTs. Quantum-chemical calculations on models showed the 

π-electrons of three-coordinated and pyridinic nitrogen produce additional levels located just 

below and above the Fermi level of carbon nanotube. Acceptor character of pyridinic nitrogen 

was also revealed from the XAS spectra of CNx nanotubes recorded near the K-edge of nitrogen. 

The measurement of field electron emission characteristics of the investigated samples detected 

the increase of nitrogen concentration lowers the voltage threshold and enhances the current 

density. Calculation of tunneling current dependence on the applied voltage made for carbon 

(6,6) tube and that incorporated ~1.5% of three-coordinated or pyridinic nitrogen found the 

three-coordinated nitrogen has more pronounce effect on the current-voltage characteristics of 

tubes. From the analysis of the experimental data, this form of nitrogen improves the field 

emission properties of carbon nanotubes if concentration of the doped atoms is less than 1%. 

Investigation of electrochemical ability of CNx nanotubes showed the increase of nitrogen 

content in CNx nanotubes results in enhancement of lithium capacity of electrode, which reaches 

a limit value when the nitrogen concentration is about 1.2% or higher. 

Effect of CNT alignment on FE characteristics of material was examined for the films grown on 

the silicon supports. In CVD process the ferrocene was used as catalyst, a set of carbon-

containing compounds was tried as a carbon source. The carbon-containing compound was 

found to have important effect on CNT diameter and perfection. The thinnest CNTs were 

obtained from fullerene C60, which consists of carbon atoms only, the thickest CNTs were 

produced from acetonitrile. Since definition of ordering and alignment of CNTs is important for 

material characterization and further optimization of synthetic process, we developed approach 

used the angle-resolved X-ray spectroscopy data for evaluation of texture parameters of the 

aligned CNT film. The expressions for angular dependence of the X-ray spectra intensity were 

derived for a system of cylindrical tubes deflected of the vertical. Density of states of CNT 

crystal calculated ab initio was used as a standard for modeling of the angular dependence of X-

ray spectra. Comparison between the theoretical dependencies and the experimental data showed 

the CNT films produced from petroleum and acetonitrile are characterized by the smallest width 

of the graphitic layers disordering. The aligned CNx nanotubes showed the lowest value of the 

threshold voltage (~0.7 V/µm) compared to the aligned CNTs characterized by narrower tube 

diameter and the random CNx nanotubes contained larger portion of three-coordinated nitrogen. 
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Future Work Recommended 

We demonstrated the nitrogen doping markedly improve the FE characteristics of CNT and the 

additional lowering of the threshold voltage can be achieved in the result of CNT alignment. The 

next step in the production of effective field cathodes should be developing of CVD techniques 

for synthesis of arrays of the aligned CNx nanotubes with thin diameters up to double- and 

single-wall CNTs. Furthermore we suggest developing of Fe/Zn catalyst for synthesis of CNx 

nanotubes because our investigation showed the adding of relatively small portion of Zn in 

metallic catalyst increases the total concentration of nitrogen in tube walls.  

The results of the project realization demonstrate the electronic structure of CNTs is strongly 

changed with nitrogen doping. Thus the CNx nanotubes should be checked for supercapacitor 

application, where the surface chemistry plays the important role. Location of pyridinic nitrogen 

atoms at the edges of vacancies in CNT walls should promote intercalation of lithium ions. To 

increase the concentration of the pyridinic nitrogen atoms in CNx nanotubes the solid solutions 

of bimaleates of Fe and Zn are recommended to be probed as catalyst sources. 
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